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FOREWORD 
This r e p o r t  was prepared by TRW Systems Group, Redondo Beach, C a l i f o r n i a ,  
and descr ibes  the r e s u l t s  of a program t o  s tudy ,  des ign ,  f a b r i c a t e  and 
eva lua te  two types of thermally actuated valves.  The work descr ibed was 
accomplished between 15 December 1969 and 15 Ju ly  1970 f o r  t he  J e t  
Propulsion Laboratory (JPL) of the  Ca l i fo rn i a  I n s t i t u t e  of Technology, 
Pasadena, Ca l i fo rn i a ,  a s  a subcontract  under National Aeronautics and 
Space Administration Contract  NAS 7-100. The JPL Technical Manager was 
Mr. George Hotz. 
The w o ~ k  performed on the  program was accomplished by TRW Systems Group, 
Science and Technology Divis ion.  Mr. M .  J .  Makowski of the Applied 
Research Section of the  Applied Technology Department was Program Manager. 
The technical  e f f o r t s  provided by several  TRW Systems Group personnel a r e  
acknowl edged: 
Mr. C.  E .  Armstrong 
Mr. N .  J .  Davenport 
Mr. N .  H .  Doshi 
Mr. 0 ,  0.  F i e t  
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1 .0 BACKGROUND 
Va lv ing  f o r  use i n  t he  c o n t r o l  o f  a n a l y t i c  ins t ruments employed i n  
p l ane ta ry  landers must be smal l ,  l i g h t  and economical o f  power. Th i s  
i s  due t o  t he  severe weight ,  s i z e  and power s torage l i m i t a t i o n s  on space- 
c r a f t  be ing designed f o r  land ings  on o the r  p lane ts  - such as Mars. The 
v a l v i n g  must a l s o  be h i g h l y  r e l i a b l e ,  meet ext remely  s t r i n g e n t  leakage 
requirements,  and employ o n l y  m a t e r i a l s  which w i l l  n o t  mask the  a n a l y t i c  
f unc t i ons  be ing performed. 
T i g h t  leakage requirements a re  more e a s i l y  met i f  r e l a t i v e l y  l a r g e  sea t  
f o r ces  may be generated. High sea t  fo rces  a re  d i f f i c u l t  t o  o b t a i n  w h i l e  
ma in ta i n i ng  smal l  s i z e  and we igh t  i f  convent ional  so leno id  va l ve  ac tua to r s  
a re  used. Thermal expansion ac tua to rs  a re  capable o f  e x e r t i n g  very  l a r g e  
f o r ces  i n  a  r e l a t i v e l y  smal l  s i zed  package. The two va lve  types developed 
on t h i s  program u t i l i z e  two d i f f e r e n t  types o f  thermal expansion ac tua to rs ,  
a  po ly im ide  r o d  ac tua to r  and a  s i l i c o n e  rubber  ac tua to r .  Both va lves 
employ magnet ic l a t c h i n g  so they  may be h e l d  open f o r  long  per iods  w i t h  no 
power d ra in .  One o f  t he  va lves i s  in tended t o  c o n t r o l  h i gh  pressure hydro- 
gen gas w h i l e  the o the r  i s  a  vacuum valve.  
t 
The program cons is ted  of t r a d e  s tud ies ,  design, f a b r i c a t i o n  and t e s t  o f  t he  
two types o f  valves. 
2.0 TRADE STUDIES AND CALCULATIONS 
The trade s tudies  were performed t o  ident i fy  the anticipated response 
times based on preliminary design data.  The complete ca lcula t ions  a re  
presented in Appendix I .  The calculat ions show tha t  the polyimide rod 
actuated high pressure valve would require approximately 23 watts t o  
actuate the valve in 30 seconds from 50°C, and t ha t  the vacuum valve 
would require an actuation power of 35 watts f o r  a 30 second actuation 
time. The power requirements a re  reduced dras t i ca l ly  as allowable 
actuation times a re  increased and the allowable times between cycles 
a re  extended. 
Appendix I a l so  contains the magnetic design calculat ions f o r  the latch 
and the design calculat ions f o r  the s i l i cone  rubber thermal actuators.  
3.0 DESIGN 
The designs were based on m in im i z i ng  s i ze ,  we igh t  and power w i t h i n  t h e  
performance parameters s p e c i f i e d .  These parameters o r  des ign goa ls  a re  
i t em ized  i n  3.1 below. 
3.1 DESIGN GOALS 
The s i ze ,  weight ,  power and ope ra t i ona l  goa ls  are:  
Weight - l e s s  than 15 grams 
Volume - l e s s  than 112 cub ic  i n c h  
Peak Power - l e s s  than 15 wat ts  
Vol tage - approx imate ly  28 v o l t s  dc 
T o t a l  E l e c t r i c a l  Energy - t o  be min imized 
Maximum Time t o  Ac tua to r  (open o r  c losed)  - 30 seconds 
Maximum Dead Time ( t i m e  between a c t u a t i o n s )  - 2  minutes 
Valve I n t e r n a l  S ize  ( bo re ) :  
H igh pressure va lve  - ,010 t o  ,030 i n c h  
Vacuum va lve  - approx imate ly  ,060 i n c h  
Valve Poppet Stroke: 
High pressure va l ve  - .010 t o  .020 i n c h  
Vacuum va lve  - approx imate ly  ,080 i n c h  
Poppet Seat ing Forces - approx imate ly  3  I b s  f o r  bo th  va lves 
Seat Design - s u b s t a n t i a l l y  per  JPL sketch 11-6-69 
Leakage Goals: 
I n t e r n a l  leakage - sccs He a t  one atmosphere 
pressure d i f f e r e n t i a l  
Ex te rna l  leakage - sccs He a t  one atmosphere 
pressure d i f f e r e n t i a l  
Maximum I n t e r n a l  Operat ing Pressures: 
H igh pressure va lve  - 3000 p s i  
Vacuum va lve  - 30 p s i  
Valves a re  normal l y  c losed,  i .e., c losed  f o r  many months, b u t  
i n  ope ra t i ng  w i l l  be opened a t o t a l  o f  about 25 t imes f o r  a 
p e r i o d  o f  one ( I )  hour each cyc le ;  va lves s h a l l  r e q u i r e  no 
power when closed. 
The expected environmental conditions are: 
High Pressure High Pressure Vacuum Vacuum Valve 
Valve Valve Valve Actuator 
Maximum Temperature 1 3 5 0 ~ '  135"c1 2 2 5 0 ~ ~  1 3 5 0 ~ '  
External Pressure 1,000 mb (ear th)  
520 mb (Mars) 
Maximum Shock 30 g 30 milliseconds 
Maximum Acce? eration 25 g 
l ~ t e r i  1 ization Temperature 'operating Temperature 
3.2 HIGH PRESSURE VALVE DESIGN 
Two approaches were considered to the high pressure valve; the f i r s t  
uti l izing a sil icone rubber thermal actuator, the second a polyimide rod 
actuator. Calculations defining actuator s ize are presented in Appendix 
I .  The silicone rubber actuator i s  capable of higher strokes per degree 
actuator temperature r i se ,  however, i t  would require a seal t o  isolate  
i t  from the hydrogen gas. This seal i s  required t o  prevent contamination 
of the gas supply and would preferably be a be1 lows or diaphragm. The 
polyimide actuator stroke per degree i s  lower, however, i t  does not outgas 
t o  a significant degree a t  the use temperature, therefore, i t  may be 
immersed in the hydrogen carr ier  gas. This capability of placing the 
actuator within the flow media completely eliminated the requirement for 
dynamic sealing in the high pressure valve. I t  was f e l t  that this  was a 
significant design simpl i f icat ion and a certain improvement in overall 
design re1 iabi 1 i ty ,  therefore, the final design for  the high pressure 
valve was based on the polyimide rod actuator. 
The final high pressure valve design i s  shown in Figure 7 ,  Detail drawings 
are presented in Appendix 11. An alternate approach considered using a 
silicone rubber actuator i s  shown in Figure 2. Following in i t i a l  design 
consideration a need was expressed for latching open with no power on the 
valve. The f inal  design of Figure 1 indicates the magnetic latch uti l ized 
for this  unit. A magnetic latch was chosen for i t s  simpl ic i  ty and r e l i ab i l i t y ;  
and because i t  eliminated the need for dynamic seals in the latching device. 
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The valve operates as follows: When power i s  applied to the heater i t  
heats the polyimide rod actuator which expands pushing the poppet off i t s  
seat and opening the valve. The magnetic latch coil i s  then momentarily 
energized and the valve i s  latched open due to the magnetic forces 
generated by the permanent magnet. The heater i s  de-energized and the 
valve remains open until i t  i s  commanded to close with no power being 
dissipated. To close the valve the latch coil i s  momentarily energized 
with reverse polarity and a t  about one-third the voltage relative to  
latching open. This releases the poppet and allows the valve t o  snap 
shut. This technique results in a  valve with a  relatively slow opening 
time - with high opening force capabili t ies - and a  short closing time. 
3.3 VACUUM VALVE DESIGN 
Two major approaches were considered for  the vacuum valve. An approach 
incorporating the latch mechanism within the vacuum space and an approach 
wherein the latch i s  outside the vacuum space. In the former approach 
(see Figure 3 ) ,  the actuator piston may push directly on the poppet to 
open the valve. Piston to valve housing sealing i s  provided by a  bellows. 
In the l a t t e r  approach, however, a  method of pulling the valve open must 
be devised or two bellows seals must be used; one t o  seal the actuator 
piston and one to seal the latch. Two approaches minimizing mechanical 
parts exposed to the vacuum are shown in Figures 4 and 5. One approach 
u t i l izes  a coaxial actuator concept where the sil icone rubber expands 
against a differential  piston, the other uses a direct acting piston and 
direction reversing mechanism. Evaluation testing indicated development 
problems existed in the application of the coaxial actuator (see Section 
5 .3 ) ,  therefore the final design was based on the direct  acting approach 
shown in Figure 5, Detail drawings of the valve are presented in Appendix 
111. 
The valve operates as follows: When power i s  applied t o  the heater the 
silicone rubber actuator pellet  i s  heated and expands pushing the piston 
against the housing. The actuator pulls the valve stem through t h e  over- 
travel assembly opening the valve. When the valve i s  fully open a pulse 
of electr ical  energy i s  applied to the latch coil energizing the latch. 
The heater power i s  now turned off and the valve will remain open until 
commanded t o  close. Actuator retraction i s  assisted by the actuator 
return spring. Closure i s  commanded by applying a pulse of e lectr ical  
energy of reverse polarity to the latch assembly, par t ia l ly  demagnetizing 
the magnet. The valve portion i t s e l f  i s  bellows sealed and contains no 
organic materials other than the Vespel polyimide poppet. The housing 
has been grooved around the be1 lows to a1 low quick pumpout  and eliminate 
trapped gas volumes . 

ALTERNATE ACTUATOR DESIGN (PREFERRED) 
Figure 4. Vacuum Valve - Coaxial 
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4.0 FABRICATION 
Both valves were f ab r i ca t ed  in  the  TRW Engineering Research Shop using 
conventional machinery and tool ing .  Brazing, where requi red ,  was per- 
formed i n  vacuum using NIORO (67 cu 23 AN) braze a l loy .  Welding was 
l imi ted  to  TIG fusion welding without f i l l e r  metal .  
4.1 HIGH PRESSURE VALVE FABRICATION 
High pressure valve f ab r i ca t ion  was performed i n  the following s t ages :  
a )  The ac tua to r  housing was machined, the  valve body and l a t c h  housing 
were rough machined. 
b) The ac tua to r  housing, valve body and l a t ch  housing including the 
nonmagnetic separa tor  were brazed together .  An i n i t i a l  braze sample 
was pull t e s t ed  t o  f a i l u r e  by applying a programmed l i n e a r l y  increasing 
load a t  a r a t e  of 100 Ibs  per second. Fa i lure  occurred i n  the  shear 
i n  the smal les t  braze j o i n t ,  where the  ac tua to r  housing a t taches  t o  
the  valve body, a t  a load of 1565 pounds. This corresponds t o  a 
j o i n t  shear  s t r e s s  of approximately 45,000 ps i .  The load applied 
exceeded the  an t i c ipa ted  load due t o  the  in t e rna l  proof pressure of 
4500 psi by a f a c t o r  of 3 . 2 .  A photograph of t he  t e s t  sample showing 
the  f a i l u r e  i s  presented in  Figure 6. Following sample t e s t i n g ,  the 
actual  valve pa r t s  were brazed using the  same a l l o y .  Figure 7 shows 
the  valve p a r t s  p r i o r  t o  brazing while Figure 8 shows the  brazed high 
pressure valve housing assembly p r io r  t o  appl ica t ion  of the  hea ter .  
Subsequent t o  brazing the  valve housings were f i n a l  machined and sen t  
out  f o r  hea ter  app l i ca t ion .  
The heater  cons i s t s  of a l aye r  of i n su la t ing  ceramic fused t o  the  
sur face  of the  ac tua to r  housing followed by a l aye r  of conductive 
ceramic, which forms t h e  heating element. The e n t i r e  heater  i s  then 
protected by an external  s i l i c o n e  insula t ion  compound. The heater  
i n s t a l l a t i o n  was performed by Thermolab, Pnc,, of North Hollywood, 
Ca l i f .  A problem was i n i t i a l l y  encountered in  f inding  a ceramic 
f r i  t matching the expansion c o e f f i c i e n t  of the ac tua to r  housing, 
Figure 6. Braze Pull Test Sample 
After Testing 
Figure 7 .  High Pressure Valve 
Housing Parts 
Figure 8. High Pressure Valve Housing 
After Brazing 
however, this  was overcome by proper ceramic material selection. A more 
serious problem occurred due to  the scaling and discoloration of the valve/ 
actuator housing occurring during the f i r ing  fusing the ceramic heater 
assemblies. This necessitated a considerable amount of cleanup and some 
remachining. I t  i s  recommended that  on further valves , f inal  internal 
machining be delayed until a f t e r  heater application or tha t  the f i r ing  
to  fuse the coating i s  done in an iner t  atmosphere. 
4.2 VACUUM VALVE FABRICATION 
Vacuum valve fabrication consisted of the following stages, some of which 
were carried on concurrently. 
a )  The valve body and other de ta i l s  were machined. 
b )  The tubes were brazed into the body and the body brazed together 
using NIORO (67% C u ,  23% A u )  braze a1 loy. 
c )  The nickel stem seal bellows were fabricated and welded to the 
valve stem and bellows adaptor. 
The poppets were assembled t o  the valve stems. The valve bodies 
were leak checked and s ea t  leakage was measured. 
The bellows adaptors were welded t o  the valve body. 
Valve body, bellows, j o in t  and s ea t  leakage were checked. 
The latch co i l s  were wound and latch subassembly performed. 
The to ta l  valve-latch-assembly was performed. 
Actuator pe l l e t s  were molded of Dow Corning MDX 4514 s i l i cone  
rubber and heat cured. 
The actuator housings were sent  out f o r  heater applicat ion.  The 
heaters applied a re  s ingle  wire nichrome elements insulated with 
s i l i cone  rubber and molded d i rec t ly  to  the actuator housing. The 
heater applicat ion was performed by Electrofilm, Inc.,  of North 
Hollywood, Cal i f .  
The actuator pe l l e t s  were ins ta l l ed  in to  the actuators and the 
valves functional ly  tes ted .  I 
5.0 TESTING 
Testing consisted of functional and leak testing for b o t h  valves. The 
specific tes t s  performed are itemized below. In addition, 5.3 summarizes 
testing performed on the coaxial si l icone rubber valve actuator. 
5.1 HIGH PRESSURE VALVE 
The high pressure valve t e s t  sequence consisted of the following: 
5.1.1 Proof Test 
Each valve housing was hydrostatically proof tested to a pressure of 4750 
psi and examined for any permanent structural deflections. No permanent 
deformation or structural damage was evident. 
5.1.2 Housing Leakage 
Each valve housing was leak checked af te r  proof testing using a he1 ium 
mass spectrometer leak detector. The leakage measurements were performed 
by pressurizing the inside of the valve housing t o  approximately 25 psig 
while s e t  u p  in an evacuated bell j a r  which was hooked u p  t o  the leak 
detector. Thus, the leakage measured include a l l  f i t t i ng  leakages as well 
as the actual housing leakage. External valve leakages are shown on the 
attached data sheets, Tables 1 and 2.  
5.1.3 Internal Leakage 
Following external leakage testing the valves were assembled and checked 
for internal leakage in the same setup as described in 5.1.2. The in l e t  
was pressurized t o  approximately 25 psig while the valve out let  was l e f t  
open to the be71 ja r  and, hence, the leak detector. The measurements made 
in this  manner were actually a summation of internal,  external and f i t t i ng  
leakages. The measured leakages are  shown in Tables 1 a n d  2 .  
5.1.4 Functional Testing 
Functional testing consisted of seating and l a t c h  load measurements followed 
by sett ing the actuator to open the valve a t  a temperature i n  excess of 
TABLE 1 
HIGH PRESSURE THERMALLY ACTUATED VALVE 
P/N SK 1190-040 
PROOF PRESSURE SIG 
FORCE TO OPEN VALVE 
LATCH UNMAGNETIZED 
3.04 LBS 
FORCE AT VALVE CLOSURE 
LATCH UNMAGNETIZED 
2 . 4 6  LBS 
LATCH MAGNETIZED (NO POWER) 
1 ,  1s' LBS 
VALVE STROKE (LATCHED OPEN TO CLOSED) I O I O  IN 
HEATER RESISTANCE 
LATCH COIL RESISTANCE 
SEAL THICKNESS # 3 2 0 S  IN. CAP TORQUE 6 3  IN-LBS 
EXTERNAL LEAKAGE (TOTAL ) 4 $3 ?) / dg SCCS H e @  15- PSI 
4 b y 3 ~ / ~ ' % ~ ~ ~ ~ e @  1 5  PSI after pressurizing to LMO PSI 
1 * 0 X SCCS He Ca -7 - L 3 PSI after pressurizing to PSI 
SCCS He Ca PSI after pressurizing to PSI 
ACTUATOR TEMPERATURE AT VALVE OPENING I 4 9 O C @  I03~4 PSI 
/ b  "C @ 2090 PSI 
TIME TO OPEN L(: d SEC @ VOLTS 
1700 P S I  b 5 SEC @ L 2  VOLTS 
TIME BETWEEN CYCLES dl3 SEC 
TABLE 2 
HIGH PRESSURE THERMALLY ACTUATED VALVE 
PROOF PRESSURE 4 750 PSIG 
FORCE TO OPEN VALVE 
LATCH UNMAGNETIZED 
3.25 LBS 
FORCE AT VALVE CLOSURE 
LATCH UNMAGNETIZED 
I t  3s LBS 
LATCH MAGNETIZED (NO POWER) 
2,95 LBS 
LATCH MAGNETIZED (NO POWER) 
.80  LBS 
VALVE STROKE (LATCHED OPEN TO CLOSED) ,010 IN 
HEATER RESISTANCE 
LATCH COIL RESISTANCE 
SEAL THICKNESS e (3 2 3 IN. CAP TORQUE IN-LBS 
EXTERNAL LEAKAGE (TOTAL) CCS He @ 25 PSI 
INTERNAL LEAKAGE (INCLUDES EXT . LEAKAGE) 
2 . 9 x l d 9  S C C S H e @  15 PSI after pressurizing t o  2m0 PSI: 
4 . 9 ~ 1 6 '  S C C S H e B  2 9  PSI after pressurizing t o  PSI 
SCCS He @ PSI after pressurizing t o  PSI: 
ACTUATOR TEMPERATURE AT VALVE OPENING 140 OC @ I000 PSI 
172 oc @ 2aao PSI 
VOLTS TIME YO OPEN SEC @ 2 8 CCcse TIME .k-. I m t f i ,  
20zooo ps I 
~ S E C @  2 0  VOLTS LBO,%H W O L T A ~ ~  2 % ~ .  
935°C and by performance t e s t s  t o  identify the opening time a t  rated 
voltages and the time between cycles (closing time fo r  the thermal a c tua to r ) ,  
The opening temperatures were s e t  between 165 and 175°C a t  2000 psi i n l e t  
pressure. Opening times and times between cycles were 28 t o  32 and 60 
seconds, respectively.  Complete performance data i s  presented in Tables 
1 and 2. 
Following functional tes t ing the valves were packaged and transmitted t o  
JPL. 
5.2 VACUUM VALVE TESTING 
The vacuum valves were tested as follows: 
5.2.1 Body Leakage 
The valve bodies were leak checked with a helium mass spectrometer leak 
detector.  No leakage was found a t  a machine s ens i t i v i t y  of 2 x 10-lo SCCS.  
5.2.2 Seat Leakage 
The valve sea t s  were leak checked with only bellows load and pressure 
force holding the valve seated. This was used t o  screen fo r  leakage 
before welding the bellows adaptor to  the valve body. 
5.2.3 Overall Leakage 
After welding the bellows adaptor t o  the valve body another leakage se r ies  
was run u t i l i z i ng  the mass spectrometer. This resulted in  no detectable 
valve of housing leakage a t  a s ens i t i v i t y  of 2 x sccs*  
5.2.4 Functional Testing 
Functional tes t ing of the vacuum valve consisted of se t t ing  the actuator 
opening temperature to  a valve above 135°C and actuation a t  rated voltage 
t o  define actuation time and time between cycles. Valve opening was s e t  
between 143 and 172°F  by running the heater a t  reduced voltage. The valve 
actuator opening temperature, actuation times a t  20 volts  input and times 
between cycles are  shown in Table 3. Valve opening was observed by applying 
TABLE 3 
*By He mass spectrometer a t  a sensit ivity of 2.4 x SCCS.  
low pressure (-1 psi)  nitrogen to the outlet  port and monitoring flow a t  
the in le t  port. A short duration electrical input of 28 volts was used 
to engage the latch when the valve had opened ful ly .  A 5-6 volt input 
of opposite polarity was required t o  unlatch and close the valve. 
Following functional testing the valves were packaged and shipped t o  JPL. 
5.3 COAXIAL SILICONE RUBBER ACTUATOR TESTING 
The coaxial valve actuator simplifies the construction of the vacuum valve, 
however, no t e s t  data was available on the coaxial si l icone rubber actuator. 
An actuator t e s t  f ixture was therefore designed and fabricated to investigate 
the performance characteristics of this  unit .  A cross-sectional view of the 
actuator t e s t  f ixture  i s  shown in SK 1190-001, which i s  attached. Figure 9 
i s  a photograph showing the disassembled actuator t e s t  f ixture .  Rubber 
actuator pellets were molded from three candidate rubber compounds in a 
closed mold which i s  shown disassembled in Figure 10. Actuator pellets 
were molded from Dow Cornint RTV 3118, MDX 4514 and General Electric RTV 
61 5. 
In i t ia l  testing indicated a high level of f r ic t ion between the piston rod 
and the rubber matrix resulting in excessive loads t o  return the piston a f t e r  
extension and high temperature requirements for extension. I n  addition, 
some of the rubber was los t  by extrusion past the piston rod a t  the large 
Figure 9. Coaxial Actuator Test 
Fixture 
Figure 10. Silicone Rubber Actuator 
Pel l e t  Mold 
end of the actuator.  A sleeve attached to  the actuator end plug was added 
to minimize the actuator f r i c t i o n .  I t  was made a closer f i t  to  the shaf t  
than the original  cap to sha f t  f i t  t o  minimize chances of extrusion. The 
sleeve was found to  ef fect ively  reduce the f r i c t iona l  loads between the 
s i l i cone  rubber and the piston result ing in smoother extensions and lower 
i n i t i a l  return loads. However, some rubber did extrude in to  the clearance 
between the shaf t  and sleeve which prevented piston return.  Figure 11 
shows the piston, sleeve and an actuator pe l l e t .  Some s i l i cone  rubber i s  
evident adhering t o  the shaf t .  This adhesion enhances the jamming tendency 
of the rubber. 
Following the above t e s t s  the sleeve was turned t o  provide a .005 wall f o r  
approximately .050 a t  i t s  end. This th in  walled section was then squeezed 
down s l i gh t l y  t o  provide small interferences with the shaf t .  The r e su l t  
was a metal 1 i p  type seal between the sleeve and piston rod. The maximum 
force t o  move the piston rod with no rubber in place was found to be l ess  
than four pounds. A cycling t e s t  was performed using the modified sleeve 
and the MDX 4514 rubber ac tuator  pe l l e t .  Thirty-one actuator cycles were 
performed a t  a maximum return load of 13.4 pounds. The actuator f a i l ed  t o  
return a t  the f ina l  cycle and showed a gradual increase in return load 
requirements with cycling. A t  t h i s  point the actuator was disassembled and 
examined. No sign of rubber extrusion was found. Extension gains with 
temperature were s l i gh t l y  higher than those predicted in the calculat ions 
presented in the proposal. 
Due to' the uncertain variat ions in return load experienced with t h i s  
ac tuator ,  i t  i s  recommended t ha t  an in l ine  piston actuator ,  as previously 
t es ted ,  be employed ra ther  than the coaxial arrangement. 
Figure 11. Actuator Piston and 
Sleeve After Test 

6.0 CONCLUSIONS AND RECOMMENDATIONS 
The high pressure and vacuum valves developed on this program have shown 
promise for use in spacecraft instrumentation packages and other applica- 
tions where a small zero leakage valve i s  required. 
The high pressure and vacuum valves meet the leakage requirements se t  u p  
in the design goals. They are somewhat larger than the original target  
size and weight goals, however, this  i s  due in part to the addition of a 
latching requirement. The size and weight can be significantly reduced 
for spacecraft hardware. Power exceeded goals b u t  th is  can be reduced 
a t  the expense of response time and deadtime between cycles. Response 
net goals on the high pressure valve and deadtime were improved. The 
response was somewhat in excess of the goals on the vacuum valve, however, 
the deadtime met i t s  goals. Response was limited by maximum heater shell 
temperature constraints . 
The following areas are recommended for further study: 
Heater Design - The heater must be e lec t r ica l ly  isolated from, 
b u t  thermally intimate t o ,  the valve actuator surface. Ceramic 
designs require careful matching of expansion coefficients while 
organical ly insulated heaters are 1 imi ted in maximum service 
temperature. Further work i s  r,equired to optimize heaters for 
these valves. 
Actuator Design - The basic actuator designs should be reexamined 
with a view t o  improving thermal response and actuator performance. 
Liquid expansion actuators are promising and should be investigated 
as an integral part .of a valve design. 
Long Term Testing - Long term cyclic and valve performance testing 
should be performed to identify any possible deterioration in 
valve/actuator performance over i t s  lifetime. 
APPENDIX IA 
SILICONE RUBBER THERMAL ACTUATOR DESIGN ANALYSIS 
The parameters p e r t i n e n t  t o  the design of s i l i c o n e  rubber thermal expansion 
ac tua to r s  have been reviewed and design ca l cu la t ions  a r e  presented below. 
SILICONE RUBBER ACTUATOR DESIGN CALCULATIONS 
The following ca l cu la t ions  apply t o  s i z i n g  the  thermal expansion a c t u a t o r  
planned f o r  t h i s  app l i ca t ion .  The c a l c u l a t i o n s  apply t o  t he  use of  
s i l i c o n e  rubber a s  the  hea t  s e n s i t i v e  medium. 
1. C r i t e r i a :  Force - 6-10 
Stroke - .03 HP Valve, .08 Vac. Valve 
S ize  - minimum 
Max. Hydrostat ic  S t r e s s  ( i n  rubber) - 1000 p s i  
AP f o r  Stroke - SO°C ( 9 0 ' ~ )  
AT f o r  no Actuation (overstroke)  - 12S°C (225 '~)  
2. P is ton  Area: Based on a  maximum s t r e s s  of 1000 p s i  and a  load of 
10 pounds. The p i s t o n  a rea  i s :  
F a = -  = 10 l b s  
0 1000 l b / i n 2  
For a  simple round p i s t o n  t h i s  i s  equivalent  t o  a 
diameter of . I13  inch.  
3. Stroke:  From Reference 1 
where : x = ac tua to r  p i s t o n  pos i t i on  
x = i n i t i a l  p i s t o n  pos i t i on  
0 
Vc = rubber and cav i ty  volume 
a = p i s t o n  a r e a  
5 = rubber volume expansion with temperature m 
T = rubber temperature 
m 
To = i n i t i a l  temperature 
K = t he  r ec ip roca l  of t he  rubber bulk modulus 
m 
a = h y d r o s t a t i c  s t r e s s  on the  rubber 
m 
a = i n i t i a l  h y d r o s t a t i c  s t r e s s  on t h e  rubber 
0 
The requi red  s t r o k e  i s  known f o r  both a c t u a t o r  cases .  The opera t ing  
temperatures a r e  known. The maximum allowable s t r e s s  is  known. The 5, 
and Km may be ca l cu la t ed  from the  d a t a  i n  References 1 and 2 .  The 
requi red  volume V c  may be ca l cu la t ed  from t h e  above equat ion,  
The 5 from Reference 1 was very c lose  t o  t h e  publ ished value of 
m 3 3.09 x 1 0 ' ~  i n  / i n 3  O F  f o r  temperature changes of 5 0 ' ~ .  
Reference 2 i nd ica t e s  s t rokes  o f :  
Mater ia l  Load S t r e s s  Stroke AT 
318 RTV 356 l b / i n 2  245 x 1 0 ' ~  i n  300°~/149'C 
318 RTV 2140 lb / in2  105 x l o e 3  i n  157'~/70'C 
RTV 615 356 l b / i n 2  222 x 1 0 ' ~  i n  283'~/142'C 
RTV 615 2140 l b / i n 2  213 x i n  300°F/149'C 
3 The b a s i c  ac tua to r  volume V f o r  t h e  Reference 2 d a t a  is .a982 i n  . All 
C 
ac tua to r  expansions w i l l  be based on t h i s  volume. The a c t u a l  rubber 
volume equals V a t  approximately 8 0 " ~ .  
C 
Then AV/V may be  ca l cu la t ed  from the  s t r o k e  p i s ton  a rea  and ac tua to r  
C 
volume according t o  AV/Vc = Axa/Vc. 
These ca l cu la t ions  a r e  summarized a s  fol lows:  
Mater ia l  Load S t r e s s  l b / i n  2 
318 RTV 356 122.5 x 300/149°C ,408 x 
318 RTV 2 140 52.5 x 157/70°C ,334 x 
615 RTV 356 111.0 x 283/14Z°C .392 x 
615 RTV 2 140 106.3 x 300/149OC .353 x 
3 These da t a  i nd ica t e s  a somewhat h igher  5 than t h e  ,309 x 1 0 ' ~  i n  / i n 3  O F  
obtained from published d a t a  i n  Reference 1. 
K may be ca l cu la t ed  from the  load-stroke d a t a  a t  constant  temperature 
m 
presented i n  Reference 2 and summarized below. 
Mater ia l  Change i n  Load S t r e s s  A 0  Change i n  Stroke Ax Temperature 
3118 RTV 947 p s i  
RTV 615 947 p s i  
RTV 615 947 p s i  
which f o r  t he  above d a t a  y i e l d s :  
- 
5 5 i n  
- 
AV i n  
-- 
Mater ia l  ~ A p s i  AV/Vc in 3 Km = VAo p s i  Temperature 
3118 RTV 947 62 x .645 x 342"~/172"C 
RTV 615 947 50 x l o q 3  ,528 x 227"F/109"C 
RTV 615 947 30 x ,317 x l o e 4  366"~/186"C 
From the  above da t a ,  the  RTV 615 seems s t i f f e r  and s i n c e  the re  i s  no 
s i g n i f i c a n t  d i f f e r ence  i n  em between 318 RTV and RTV 615, t he  RTV 615 
w i l l  be  used i n  ca l cu la t ing  r equ i r ed  ac tua to r  volume. 
Using the  d a t a  f o r  RTV 615, Km a t  3 6 6 " ~  (186°C) and E, a t  3 0 0 " ~  (149°C) 
-3  i n  3 i n  3 
- AV = [ . 3 5 3 x 1 0  - (90°F) - ,317 x 
V (1000 p s i ) ]  
c i n 3 " ~  i n  p s i  
This is obviously unreasonable and ind ica t e s  t h a t  some i n i t i a l  preload 
must occur between room temperature and the  ac tua to r  s t a r t  temperature 
i f  the  a c t u a t o r  is t o  be  e f f i c i e n t .  I f  we assume ac tua to r  load range 
from 6 t o  10 pounds, t he  Ao = 4 lbs / .Ol  i n 2  = 400 p s i .  
f o r  a u se fu l  s t r o k e  of -030 i n .  
and i f  we maintain the  load a t  9 l b s  = 100 p s i  a t  = 100 p s i :  
3 x l o c 4  i n  3 
- 
= 1.05 x i n  3 
vc - 3 3 2.86 x i n  / i n  f o r  a u se fu l  s t r o k e  of .030 i n .  
E i the r  of these  a r e  reasonable va lues .  For a hollow cyl inder  . I25 I D  - 
2 2 2 
,187 OD o r  an a rea  of ,0152 i n  , t he  length i s :  1.57 x i n  / I .  52 x i n  = 
1.03 i n .  f o r  t he  ,030 s t r o k e  case .  
I t  is d e s i r a b l e  t o  examine the  overstroke which must be  allowed f o r  from 
room temperature t o  t h e  s t a r t  temperature.  Employing the  same b a s i c  
r e l a t i o n  used f o r  determining use fu l  stroke-volume and assuming zero load 
a t  7 7 " ~  (25OC) and 6 lbs  (600 p s i )  a t  3 0 2 " ~  ( 1 5 0 ~ ~ ) :  
(x-xo) = ,095 i n .  i n i t i a l  f r e e  s t roke  f o r  t h e  ,030 use fu l  s t r o k e  case .  
(n- 30 2) 
In t he  same manner a s  above, t he  rubber volume Vc,  and the  i n i t i a l  f r e e  
s t r o k e  may be determined f o r  t he  .080 s t r o k e  case.  For t he  same load 
c o n s t r a i n t s  a s  before  t he  A V / V ~  i s  the  same o r :  
-4  3 f o r  -080 s t r o k e  AV = .080 i n x  . O 1  i n2  = 8 x  10 i n .  
AV 8 x i n  3 
- 
- 
- 2  3 Then: Vc - -
.0191 3 3 = 4.19 x 10 i n  1 .91  x i n  / i n  f o r  a u se fu l  s t r o k e  of .080 i n ,  
2 I f  a hollow cyl inder  ,180 I D  x .300 OD with a f r e e  a r ea  of .0453 i n  i s  used, 
- 2  3 
the  length requi red  i s  4.19 x 10 i n  /4.53 x i n 2  = .925 i n .  
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APPENDIX IB 
TRADE STUDIES - THERMAL BALANCE 
To determine response and power requirements f o r  thermal ac tua to r s  we must 
def ine  the  s teady s t a t e  hea t  leak :  
The t a r g e t  response - (time between ac tua t ions  i s  2 minutes) .  In  t h i s  length 
of time the  ac tua to r  must cool from i t s  extended temperature t o  i t s  maximum 
r e t r a c t e d  temperature.  (Actual opening o r  c los ing  time des i r ed  i s  30 seconds).  
We f i r s t  make the  following assumptions: 
1. Mater ia l  of Construct ion - s t a i n l e s s  s t e e l  - including power windings 
2 .  Actuator ma te r i a l  - s i l i c o n e  rubber 
3 .  Radiation and Convection - neg l ig ib l e  - due t o  component s t ack ing  f a c t o r  
and o the r  component temperatures .  
4. Conduction - major and only s i g n i f i c a n t  h e a t  t r a n s f e r  mechanism. 
5.  Temperatures - Sink temperature ( 5 0 ' ~ )  122°F unl imited capac i ty  
Maximum r e t r a c t e d  temperature (150°C) 302°F 
Fully extended temperature (200°C) 392°F 
In add i t i on  - valve temperature f o r  vacuum valve i s  225°C. 
Heat leak must be low enough s o  ac tua to r  cannot s e l f  hea t  
above 125/150°C 3 0 2 ' ~  (max.) 
CASE 1:  HIGH PRESSURE VALVE: Assuming l i n e  conduction is  n e g l i g i b l e :  
qm = e l e c t r i c a l  power i n  
90 = heat  leakage according t o  the usua l  Fourier  Relat ion 
- 2- 
The hea t  which must be  added t o  r a i s e  t he  ac tua to r  from i t s  i n i t i a l  
temperature Ta t o  any f i n a l  temperature T i s  f  
= qgt  = c 'act (Ta-Tf 1 
Pac t  
The same quan t i t y  of hea t  must be removed i n  cool ing i t  t o  t he  s t a r t  
temperature .  
Using Figure 1 i n  Proposal 14936.000 as  t h e  model: 
i 
Assume t h e  thermal mass t o  be  heated (and cooled) includes 100% of t h e  
ac tua to r  s e c t i o n  and 30% of t h e  va lve  po r t i on .  Then t h e  metal volume i n  t h e  
ac tua to r  i s :  
- 3  3 Tube .438 OD x .431 ID x ,381 long = 1.83  x 10 i n  
Disc ,438 OD x -125 long - - 18.90 x i n  3 
Tube ,338 OD x ,300 X .25 long - - 4.75 x 10w3 i n  3 
Disc ,263 OD x . I25  long - - 6.78 x i n  3 
32.26 x i n  3 
f o r  c r e s  t h i s  r e s u l t s  i n  a weight o f :  
" ac t ( c r e s )  
'act ( c r e s )  = 9.40 x l b s  
The S i  rubber volume i s  (from proposal  14936.000): 
"act ( R )  = .58 x l b s  
Estimating Valve Metal Volume A :  
Cyl. .181 d i a  x 1.30 long = .235 i n  3 
Wvalve(cres) = 68.1 x lo-' l b s
C p c r e s  = .12 Btu/lb°F ( s t a i n l e s s  s t e e l  handbook) 
Cp SiR = .4  Btu/lb°F (Est .  n o d a t a a v a i l a b l e )  
Qin  = [['act ( c r e s )  + q 3  ('valve 11 C ' 'act R p (3) (c res )  Pcres c (Ta-Tf) R 
f o r  the  a c t u a l  numbers above: 
Q in  = 4.252 x lo- '  (Ta-Tf) Btu 
To ac tua t e  i n  30 seconds from 50°C T = (50°C) 1 2 2 ' ~ .  
a 
Tf = (200°C) 392OF 
I 
'in = 4.252 x (122-392) 
(122-392) 
Qin  = -1.150 Btu (heat  flow i n t o  the  ac tua to r )  
(122-392) 




= ,0384 Btu/sec q = - 30 s e c  t 
o r  40.5 wa t t s .  
This i s  h igher  than the  t a r g e t  value of 15 wat t s  peak. I t  may be reduced 
by o extending the  ac tua t ion  time 
o l igh ten ing  t h e  heated s t r u c t u r e  and/or i s o l a t i n g  the  balance of t he  
valve from t h e  hea t e r .  
I f  the maximum t a r g e t  15 wat t s  was appl ied (with no hea t  leak) ,  t he  ac tua t ion  
time from 5 0 ' ~  would be:  
15 wat t s  = .0142 Btu/sec 
t 
- 
q = 1.150 
-= 81.0 seconds (122-392)15.5 q .0 142 
In order  t o  cool  t h e  a c t u a t o r  from the  f u l l y  extended temperature of (200°C) 392°F 
t o  t h e  maximum r e t r a c t e d  temperautre of (150°C) 3 0 2 " ~ )  (or  v i c e  versa)  
Q = 4.252 x ( 9 0 " ~ )  
Q = .3825 Btu 
Over a  30 second per iod ,  t h i s  requi res  a  h e a t  flow o f :  
'3825 .01275 o r  13.46 wat t s  
= T =  
i n t o  o r  out of the  a c t u a t o r  f o r  extension o r  r e t r a c t i o n ,  r e spec t ive ly .  
k Btu = 2.18 x 10 -4 Btu = 9 . 4  watts  H r  F t  "F = .2295 in c r e s  s e c  i n  "F F 
This 13.46 watt  va lue  d i c t a t e s  the  value of the  minimum steady s t a t e  hea t  leak 
requi red  t o  obta in  30 second deac tua t ion  t imes.  If t h i s  hea t  leak is  introduced 
it is an added load during ac tua t ion  and an ac tua t ion  power of 2(13.46)  o r  26 .92  
wat ts  would be requi red  t o  meet the  30 second ac tua t ion  time (from 150-200°C). 
Reassing the  a c t u a l  mass a f f e c t e d :  
The h e a t  leak from the  ac tua to r  t o  t he  valve a t  100°FAT (worst case) i s  
W 
2 
.031 i n  q = .2295 x -4  Btu i n  F .25 i n  = 2.18 x 10 s e c  in°F  
= 2.84 wat t s  = 2.69 x l o m 3  Btu watts  qh L - = .2295 in u F  
s  ec 
So i f  the  above i s  added (or  subt rac ted)  from the  h e a t  i n  flow (o r  outflow) 
the  e f f e c t i v e  mass may be  reduced t o  the  ac tua to r  mass only. Then: 
Btu - 3 (9.40 x lbs )  . lZIFF + ( .58 x 10 l b s )  - 4  (Ta-Tf) + qhL t 
f o r  s h o r t  per iods of time - long term the  q t term disappears  a s  t he  balance hL 
of t he  valve hea t s  along with the  ac tua to r ,  i t s  mass must then be  once again 
considered. 
Now : 
And re-examining the  ( 5 0 4  200°C) 1 2 2  -a, 3 9 2 " ~  case f o r  30 seconds (assuming 
no hea t  leakage t o  ground) 
( f o r  hea t ing)  
Qin  = (1.362 x lom3) (122-392) - (2.69 x (30) 
(122-392) 
Qin = (-.368 - .0806) = -.449 Btu 
where hea t  flow i n t o  t h e  va lve / ac t  i s  - . over 30 seconds 
- 
.449 Btu 
30 s e c  = ,01495 Btu/sec 
= 15.8 wat t s  
t o  c l o s e  (or  open) i n  30 seconds r equ i r e s  t he  removal ( o r  addi t ion)  o f  hea t  
from (200-150°C) 392-302°F 
Qact  
"\ 
d iv ide  by 2 s i n c e  mean b T 
45-50°F f o r  t h i s  case  
Q = . I 2 3  + ,0404 
= ,163 Btu 
o r  over a 30 second i n t e r v a l  t h e  hea t  flow out  (o r  i n )  i s :  
Btu = .00543 Etu/sec = 5.43 x Btu/sec q =  3 0 s e c  
= 5.73  wat t s  
This i n d i c a t e s  t h a t  t o  meet t he  30 second on/off t ime we w i l l  r e q u i r e  a s teady  
s t a t e  hea t  leak t o  ground of 5.75 wat t s  and a n e t  input  power over t h a t  of 5 ,75 
wat t s  f o r  a t o t a l  power of 11.5 wat t s  i f  t h e  a c t u a t o r  is  a t  150°C. I f  t he  ac tua to r  
is a t  50°C the  power r equ i r ed  t o  meet a 30 second ac tua t ion  would b e  t he  15 .8  wat ts  
requi red  t o  r a i s e  t h e  temperature p lus  a mean hea t  leak t o  ground o f  
.6(5.75)  = 3.45 wat t s  ( s ince  t h e  mean AT f o r  t h i s  case  i s  "88°C and f o r  
t h e  150 t o  2 0 0 ' ~  case  it i s  175°C). This  r e s u l t s  i n  a t o t a l  power f o r  
30 s e c  (from 50 t o  200 '~ )  ac tua t ion  of 15.8 + 3.45 wat t s  = 19.25 wa t t s .  
I f  only 11.5 wat t s  were appl ied  
11.5 wat t s  = .0109 BTU/sec 
t =  '449 BTU = 41.2 seconds from 50°C BTU 
.0109- 
s ec  
This  i s  only 1 1 . 2  seconds longer than  t h e  30 seconds a t  150°C and r e s u l t s  
i n  a peak power saving of  19.25-11.5 = 7.75 wa t t s .  
From t h i s  it is  decided t h a t  t h e  fol lowing hea t  and h e a t  flow c r i t e r i a  
should be  used f o r  t h e  high p re s su re  va lue :  (no l a t ch ing )  
1. Actuator power - 11.5 wat t s  
2 .  Actuation time 
a t  50°C s t a r t  - "41.2 s e c  
a t  1 5 0 ' ~  s t a r t  - "30.0 s e c  
3. Hold (open) power - 5.75 wa t t s  
(heat  leak  requi red)  
4.  Closing time - 30.0 s e c  
( 5 0 ' ~  ambient) 
5. Actuation energy 
50°C s t a r t  - 473 . Jou le s  
1 5 0 ' ~  s t a r t  - 345 Jou le s  
6. Heat leak  t o  ground - 5.75 wat t s  
(50°C requi red  t o  meet above responses) 
These numbers assume p e r f e c t  conduction i n t o  the  a c t u a t o r .  Times w i l l  be 
extended i f  t h i s  condi t ion  i s  not  met. 
Now i f  a  l a t ch ing  design i s  considered,  t he  0 hea t  leak energy t o  open 
i n  30 seconds i s  t h e  same. But t h e  time between ac tua t ions  allowed is  
2 minutes (120 sec)  .'. t h e  a c t u a t o r  r e t r a c t i o n  time i s  increased t o  120 
sec hence t h e  s t eady- s t a t e  h e a t  leak may be reduced. This should r e s u l t  
i n  a  decrease i n  ac tua to r  power and energy. The hea t  which must b e  
removed f o r  r e t r a c t i o n  is  .163 BTU (150-200°C) i n  120 s e c .  This r e q u i r e s  
a  h e a t  flow o f :  
BTU = 1.36 x BTU/sec 
= 120 sec  
= 1.29 wat t s  
Thus t h e  mean s t e a d y - s t a t e  h e a t  leak requi red  from (150-200'~) t o  50°C 
i s  1.29 wa t t s .  The 30 second (150-200'~) ac tua t ion  power i s  as  before :  
5.73 wat t s  + h e a t  leak  
o r  7.02 wa t t s  
The 30 second (50-200'~) ac tua t ion  power is  a s  before :  
15.8 wat t s  + mean hea t  leak  i s  . 6  x 1.29 = .774 wa t t s  
o r  a  t o t a l  of 16.574 wat t s  
A l l  not counting l a t c h  requirements.  (50-200'~) ac tua t ion  time a t  15  wat t s  
would be  = 33.2 sec .  
The l a t c h  w i l l  be  considered a s  a  s epa ra t e  item. Magnetic l a t ch ing  i s  
rece iv ing  primary a t t e n t i o n .  
CASE 2: VACUUM VALVE: 
The vacuum valve  body is  assumed t o  be  maintained a t  (230 '~ )  4 4 6 " ~ .  
The ac tua to r  may not exceed 1 2 5 ' ~  s t eady  s t a t e  under t h i s  condi t ion .  
The c a l c u l a t i o n  model f o r  hea t  flow i s  t h e  prel iminary design presented 
i n  t h e  proposal .  
Line conductances 
are neg l ig ib l e .  
's 
Assume 100% of t h e  ac tua to r  must be heated f o r  ac tua t ion  and 0% of  t h i s  
va lve  s i n c e  i t  i s  spea ra t e ly  maintained h o t t e r  than  t h e  a c t u a t o r .  
The metal volumes i n  t h e  ac tua to r  a r e :  
Tube .610 O.D. x .600 I . D .  x .600 long = 5.7 x i n  3 
Disc ,610 O . D .  x . I50  long 
Tube .563 O . D .  x .463 I . D .  x .400 long - 32.2 x l o w 3  i n  3 
Disc .200 O . D .  x .250 long - 7.86 x i n  3 
l b  
'cres 
= .29 --- 
W a c ~  = 89.56 x x .29 = .026 l b s  i n  
The S i  Rubber volume from proposal 14956.000 i s :  
-2 3 
'actR = 4 . 1 9 x 1 0  i n  
l b  
' s ir = .037 - i n  3 
- 2 -2 l b  
'act (R) = 4 . 1 9 x 1 0  i n 3 x 3 . 7 x 1 0  - i n  3 
The connection between t h e  va lve  and a c t u a t o r  c o n s i s t s  o f  s t a i n l e s s  s t e e l  
- 3 
c ros s - sec t iona l  a r ea  11.53 x 10 i n 2  and length -55  i n .  
k  - 4 
c r e s  
= ,2295 watts / in°F(2.18 x 10 BTU/sec in°F) 
Therefore:  
I 
- 3  *2 v 'a-closed 11.53 x 10 
qhn = .2295 w/m°F x .55 in (446°F - 2 5 7 " ~ )  189 
= .91 watts  
Therefore: 
A hea t  leak  of - .9  - 1.0 watts  must be  provided from 1 2 5 ° C  
t o  ground (50°C) t o  prevent inadver ten t  va lve  ac tua t ion .  
The h e a t  t o  b e  added t o  a c t u a t e  t h e  va lve  o r  removed t o  c l o s e  t h e  va lve  
is:  
- 
Qin - ('act C~ + W c (Ta-T*) a c t R  PR 
c re s  c r e s  




i 1.55  x 1 0 ' ~  l b s  .4 (Ta-Tf) = (.026 l b s  .12 l b o F  
- 3  BTU -3  BTU 
= (3.12 x 10 r- + .62 x 10 (Ta-Tf) F 
% = (3.74 x (T,-T~) BTu 
Raising t h e  ac tua to r  from (150-200'~) 302-392OF requ i r e s  : 
& = ,3365 BTU 
(302-392) 
f o r  a 30 second ac tua t ion  time 
,3365 q = = .01122 BTU/sec 
= 11.84 wa t t s  
This  r equ i r e s  a 150-50°C hea t  leak o f  11 - 8 4  wat ts  f o r  c lo s ing  and a 23.68 
watt  power input  f o r  opening. 
I f  t h i s  hea t  leak  t o  ground is  used t h e  a c t u a t o r  temperature w i l l  not be 
maintained a t  1 2 5 ' ~  bu t  a t  t h e  temperature where t h e  hea t  flows balance,  
namely where : 
In  order  t o  flow 11.84 wat t s  a t  Ta = (150 '~ )  302OF and Ts = (50°C) 1 2 2 ' ~ .  
Since 
T = 1 4 4 ' ~  o r  s l i g h t l y  higher  than  5 0 ' ~  ground 
a 
2 6 2 ' ~  
I f  a two minute ac tua t ion  t ime is allowed from 150-200°c, 
= 2.96 wat t s  
The h e a t  l eak  t o  ground r equ i r ed  f o r  c lo s ing  i n  two minues i s  2.96 wa t t s  
a t  a temperature drop o f  (150-50") 302 -+ 1 2 2 ' ~  
Then : 
and 
For a s t a r t  temperature of  1 9 5 . 5 ' ~  (91°C) 
Q = (3.74 x (195-392) = .736 BTU 
and a two minute a c t u a t i o n  time w i l l  r e q u i r e  
- 
120 
- '736 BTU = 6.14 x BTU/sec 
120 s e c  
= 6.47 wat t s  
f o r  a t o t a l  a c t u a t i o n  power (qo + qhR ) = (6.47 + 2.96) = 9.43 wa t t s .  
A 30 second a c t u a t i o n  would r equ i r e :  
= 25.9 wa t t s  
For a t o t a l  ac tua t ion  power (qo+qhQ) = 25.9+2.96) = 
28.86 wa t t s .  
From t h e  above t h e  fol lowing hea t  and heat  flow c r i t e r i a  should be  used 
f o r  t h e  vacuum value :  (No la tch ing)  
1. Actuat ion power - 9.43 wat t s  
2 .  Actuation time 
1 5 0 ' ~  s t a r t  - 55 seconds 
91°C s t a r t  - 120 seconds 
3. Hold (open) power - 2.05 wat t s  
(heat  leak  required)  
4 .  Closing t ime - 120 seconds 
(50°C ambient) 
5. Actuation Energy 
150°C s t a r t  - 518 joules  
91°c s t a r t  - 1132 joules  
6. Heat leak t o  ground - 2.96 wa t t s  
7 .  Heat flow i n  from va lve  - .91 wa t t s  
These numbers assume p e r f e c t  conduction i n t o  t h e  ac tua to r  times w i l l  be  
extended i f  t h i s  condi t ion  i s  no t  met. 
The above apply t o  a  l a t ch ing  design s i n c e  120 seconds between ac tua t ions  
i s  r equ i r ed .  However, t h e  hold open power i s  el iminated.  
In order  t o  c l a r i f y  t h e  i n t e r r e l a t i o n s  above, t a b l e s  and p l o t s  of power 
input  q versus ac tua t ion  time a t  var ious s t a r t  temperatures have been 
prepared. 
HP Value 
(Ful ly  ac tua ted  temperature = 2 0 0 " ~  = 3 9 2 ' ~ )  
(No thermal i s o l a t i o n  from valve)  
H P  VALVE 
WITH THERMAL I S O L A T I O N S  FROM VALVE 
Now f o r  t h e  vacuum valve:  
h e  t o t a l  Q i n  each case i s :  (C WAT) = (3 .74  x (AT) 
P 
Assuming t h e  ne t  hea t  leak  i n t o  t h e  a c t  i s  balanced by a  n e t  outflow a t  t h e  











High Pressure Valve - Al te rna t e  A ~ ~ r o a c h  
There seems t o  be an advantage i n  us ing  an a l l  vespel ac tua to r  i n  t he  high p re s su re  
va lve  s i n c e  a l l  s e a l s  a r e  e l imina ted .  This s i m p l i f i e s  cons t ruc t ion  and improves 
va lve  r e l i a b i l i t y .  
Conservat ively taken values of l i n e  expansion vespel  from Data Book, Page 5 ,  
Figure 9 a r e :  
Base Resin 15% Graphite F i l l e d  
From 150'C (302'F) + (250 '~)  (482 '~ )  = 7.00 x 1 0 * ~ i n / i n  6.00 x i n / i n  
For an a c t u a t o r  with an ou te r  housing of c r e s ,  t h e  housing exp. c o e f f i c i e n t  
is  : 
17-4 PH (70 -+ 600) 6.2 i 6 .6  in / inO~ 
440 CRES 6.0 i n / i n O ~  
This  i nd ica t e s  t h a t  an average r e l a t i v e  expansion, over  t h e  temperature ranges 
noted,  o f :  
Base Resin 15% Graphite  F i l l e d  
(150-250"~) - 5.88 x i n / i n  4.88 x i n / i n  
(150-20O0c) - 2.88 x i n / i n  2.13 x l o m 3  i n / i n  
The modulus of  t h e  polyimide (Vespel) mater ia l  i s :  
Base Resin 
2.0 x 10 5 
15% Graphite F i l l e d  
3.15 x 10 5 
u The d e f l e c t i o n  i n  a simple rod i s  a = E E ;  
€ = -  E 
a t  1000 p s i  E - 1000 5 = 4.76 x i n / i n  BR 2 . 1 x 1 0  1000 
- 4 
a n d . a t  100 p s i  E~~ = 4.76 x 10 i n / i n  
-4 
E = 3 . 1 8 x 1 0  i n / i n  GF 
The b a s i c  ac tua to r  load output  is  approximately 3-4 l b s .  
For t h e  s t e e l  housing t h e  modulus E 30 x l o 6  (440 CRES) 
6 
, =  28.5 x 10 (17-4 PH) 
- 
- 4 A t  10,000 p s i  E 6 = 3.51 x 10 i n / i n  ST17-4 28.5 x 10 
a t  a load of  4 l b s  t h e  c ros s - sec t iona l  a r ea  f o r  a 1000 p s i  ac tua to r  i s  
4 l b  
l b  = 4 x l o m 3  i n 2  2 .071 i n  diameter .  1000 - 
i n  2 
A t  500 p s i  - - 3  2 = 8 x 10 i n  2 . l o 1  diameter 500 
a t  250 p s i  4 - 3  2 , ----- = 16 x 10 i n  - . I 43  diameter 2 50 
and a t  100 p s i  - 3 = 40 x 10 in2  2 ,225 diameter 
100 
The load s t r e s s  versus  diameter requi red  a r e  p l o t t e d  on Page 25 . The 
optimum diameter from a s t ress -d iameter  t rade-of f  seems t o  be  .12-.15 i n .  
Standard c re s .  tub ing  i s  a v a i l a b l e :  .I60 O . D .  x .006 wal l  = . I48  I . D .  
The tube metal a r e a  i s :  .02011 - .01720 = .00291 
A load of  4 l b s  ( ax i a l )  w i l l  r e s u l t  i n  a s t r e s s  
4 r = ' =  1375.0 p s i  
2.91 x 
2 A pressure  of 3000 p s i  over t h e  .0172 i n  a r ea  gives a load of  
F = 300 x .01720 = 51.6 l b s  
The hoop s t r e s s  i s :  
A t  a design hoop s t r e s s  o f  20,000 
a wal l  th ickness  o f  . 0 l2  i s  ava i l ab l e .  

A t  .012 wall  .I60 O . D .  = . I36 I . D .  
Metal c ros s - sec t iona la rea  = .02011 - ,0145 
- 
 5.58 x i n  2 
The a x i a l  s t r e s s  due t o  an a c t u a t o r  load of 4  l b s  i s :  
- 
4 l b  
- 717.0 p s i  
5.58 x i n  2 - 
and t h e  a x i a l  p ressure  s t r e s s  i s :  
The combined ac tua to r  and p re s su re  s t r e s s  o r  
7810 + 717 = 8527 p s i  
causes a  d e f l e c t i o n  E of 
- 
8527 - 4 
E 6 = 2 . 9 9 ~ 1 0  i n / i n  c r e s  28.5 x 10 
For a  . I35 diameter Vespel ac tua to r  t h e  C a t  4 l b s  i s :  
-27 -  
This  r e s u l t s  i n  a s t roke  l o s s  of 
The t o t a l  s t r o k e  l o s s  i s  t h e  sum o f  t h e  Vespel compression, c r e s  extension 
and c r e s  thermal expansion o r  t o t a l  s t roke  l o s s  due t o  loads ', 




1 .63 x E LOAD 1.18 x l o v 3  i n / i n  i n /  i n  GF 
A t  90°F ( 5 0 O ~ ) n T  t o t a l  l o s s  i s  
Base Resin Graphi te  F i l l e d  
Load 1.63 x l o m 3  i n / i n  1.18 x i n / i n  
A t  180°F (lOO°C) AT t o t a l  l o s s  i s  : 
Base Resin Graphi te  F i l l e d  
Load 1 .63  x i n / i n  1.18 x i n / i n  
E x P ~ ~ ~ ~  1.12 x i n / i n  1.12 x i n / i n  
'~180'  BR 2.75 x i n / i n  2.30 x l o q 3  i n / i n  
The gross  a v a i l a b l e  s t rokes  a t  90 and 1 8 0 " ~  AT (from 19) a r e :  
Base Resin 
This y i e l d s  n e t  a v a i l a b l e  s tok res  a s  fo l lows:  
Base Resin 
For a  design s t r o k e  of  .012 i n :  
Graphi te  F i l l e d  
3.25 x 1 0 ' ~  i n / i n  
6.00 x 1 0 ' ~  i n / i n  
Graphi te  F i l l e d  
From t h i s  it appears t h a t  a 3.00 i n  Virgin Vespel ac tua to r  opera t ing  over  a 
100°C ( 1 8 0 " ~ )  AT w i l l  meet t h e  system requirements.  Preliminary des ign  
sketches w i l l  be  made. 
Reasses high pressure valve power/response c h a r a c t e r i s t i c s  in view o f  
revised design - (12-1-69 40 vespel thermal a c t u a t o r ) .  
The ac tua tor  volumes a r e :  
CRES : 
Tube - ,160 OD x .I36 ID x 3.0 long - 17.34 x lom3 i n  3 
T u b e -  . 2 4 O D x 1 2 5 I D x  . 3 l o n g  - 9 . 8 7 x 1 0 ' ~ i n  3 
Total CRES = 27.21 x in  3 
Vespel : 
Rod - . I35 OD x 3.00 long = 43.5 x in 3 
Weight: 
CRES - 27.21 x lom3 in3 x .29 in3 = 7.89 x low3 1bs 
3 Vespel - 43.5 x in x .0515 = 2.24 x lom3 ibs  
Assume t h a t  heat  leak actual  t o  valve i s  approximately as  before - not over 
3 watts  worst case 
Then 
B t u  
Qi  n a f 
or  assuming a heat  leak q of 2.7 x Btu/sec (-2.85 wat ts )  ha 
Re-examining t h e  vacuum v a l v e  per  t h e  des ign ske tch  o f  12-11-69 
The a c t u a t o r  volumes a r e :  
CRES : 
Tube - .420 OD x  .360 I D  x  .30 long  = .0110 i n  3  
.28 OD x .21 I D  x ,3 long  = .00808 i n  3 
Disc - .52 OD x ,090 long  = .0191 i n  3 
T o t a l  ,03818 i n 3  
Si-Rubber - As Be fo re  
The hea t  capaci  ty i s  : 
7 
B t u  B t u  I l b s  x .1ZT,-) + (1.55 x  1bs x  .4- ) '  l b °F  ) (Ta-Tf)  
S ince t h e  v a l v e  w i l l  be heated t o  above, t h e  a c t u a t i o n  temperature,  we w i l l  
assume no n e t  h e a t  f l o w  i n t o  o r  o u t  o f  t h e  a c t u a t o r  due t o  t h e  va lve .  
The a c t u a t i o n  t i m e  vs.  power may then be t a b u l a t e d  and p l o t t e d  as f o l l o w s  
For a  temperature r i s e  o f  (100°C) 180°F f o r  ac tua t i on ,  namely f rom (150-250°C) 
302-482°F a t a b l e  and p l o t  s i m i l a r  t o  t h a t  f o r  t he  f i r s t  h i g h  pressure va l ve  may 
be made: 
These da ta  a re  p l o t t e d  i n  the  f o l l o w i n g  f i g u r e .  

ACTUATION T I M E  VS. POWER 
R E V I S E D  VACUUM VALVE 
( Q  = 1 . 9 4  x (T,-T~) B ~ U )  
T = 5 0 ° C  (122°F) A c t u a t i o n  AT = 1 5 0 0 ~  ( 2 7 0 0 ~ )  
T i  me Q B t u  B t u  
I , , , \  s  ec 
B t u  
. l o 5  -
I 1 1 1 1  w a t t s  

APPENDIX I C  
MAGNETIC LATCH DESIGN 
PRELIMINARY DESIGN 
Requirements 
Force: 4 lbs a t  a distance of 2 to  4 mils 
Displacement: 0.01", 0.03", and 0.08" 
The magnet s i z e  i s  t o  be minimized. The latching and unlatching operation i s  
described by referr ing to  Figure 1 .  
For shor t  distances ( l e s s  than 0.004") the magnet pull i s  very high since 
the reluctance of the magnet gap i s  r e la t ive ly  small compared t o  the reluctance 
of the gap between poppet and magnet. For such an application a cup magnet 
assembly i s  qui te  e f f i c i en t .  When the poppet i s  pushed close t o  the magnet, 
i t  i s  pulled and latched to the magnet. Unlatching i s  performed by a bucking 
f i e l d  generated by a solenoid c o i l .  
Magnet Desi g n  
Large pull a t  shor t  distances can be achieved by maximizing the f lux density B .  
To guard against  demagnetizing e f f ec t  due t o  varying a i r  gap and unlatching 
f i e l d ,  a reasonable coercive force i s  required. Residual induction B y  and coercive 
force H c  of superior magnetic materials  are  given in Table 1 .  
Table 1 
Material B r  Gauss H c  Oerteds 
Cast A1 nico 5-7 13000 730 
8500 Cast Alnico 8A 1680 
Platinum Cobalt 6000 4200 
Samarium-Cobalt 9000 9000 
Alnico 5 appears t o  be most su i t ab le  f o r  high force small gap magnet design. 
The force generated i s  given by the formula: 
F = 5.77 x B'A 
where: B = f lux density in gauss 
A = f lux area 
For F = 4 Ibs and fo r  maximum energy product, shear l i ne  slope = 18 which gives 
4 B = 10 gauss. 
Requi red A = 4 
5.77 lo8 
Required diameter = J k X  .07 
Required magnet length = 0.3 x 4 f o r  shear  l i n e  s lope of 18. 
Assume cup gap width = 5 x .004 = 0.02". Then cup ID = 0.3 + 0.02 x 2 = 0.34". 
C u p  outer  diameter i s  given by the  following equat ion.  
Do = 0.42" 
Total length of t he  assembly i s :  
Lo = 1 .2  + 2 x wall thickness of the  cup 
= 1.2 + .12 = 1.32" 
Therefore overa l l  magnet dimensions a r e :  
Do = 0.42" 
Lo = 1.32" 
I t  should be noted t h a t  there  i s  a  demagnetizing e f f e c t  
and bucking magnetic f i e l d  during the unlatching period 
due t o  va r i ab le  a i r  gap 
The approximate f i e l d  required t o  unlatch the  poppet i s :  
Hc = 100 Oerteds 
- 
- 'Oo0 x 100 = 8,000 amp turnslmeter 4 
No of ampere turns = 80,000 XL - 8000 = 160 amp turns 
Since the current  required i s  in termit tent ,  l e s s  than 10% duty cycle,  the solenoid 
dimension i s  reasonably small. For 8 mil wire diameter, 2 mil wire insula t ion,  
approximate solenoid dimensions a r e :  
The design considered above i s  l i ab l e  t o  degrade in latching force with time since 
demagnetizing of Alnico-5 due t o  the bucking f i e l d  tends to reduce the magnet pul l .  
If Samarium-Cobal t magnet i s  used, the s i ze  of the magnet wil l  be s l i gh t l y  larger  
with the advantage t ha t  the magnet f lux density i s  e ssen t ia l ly  unchanged with time 
and repeated unlatchings. However, the s i ze  of the solenoid required t o  reduce the 
magnet pull to  60% of the latched valve wi 11 be qu i te  large. 
A latching magnetic c i r c u i t  employing a d i f fe ren t  concept i s  shown in Figure 2 .  
Latching i s  achieved by magnetizing the permanent magnet to  i t s  f u l l  residual 
induction by act ivat ing the solenoid. Unlatching i s  performed by demagnetizing 
the magnet. 
Latching force required = 4 1bs 
Assume B = 10,000 gauss 
Then the magnet face area required i s :  
Inside diameter of the magnet = Outside diameter of the spring = 0.125". 
Outside diameter Do i s :  
Air gap dimensions are :  
D = 0.3" 9 
L g  = 0.005" 
Required magnet length i s :  
4 B = 10 gauss 9 
4 Hd = magnetizing force corresponding t o  B operating point of 10 gauss. 
For ~l n i  co - 5 ,  H d  = 300 oersteds.  
= 0.16 in .  
Solenoid Design 
Following a re  the parameters during the latched posit ion.  
Latching force F = 4 lbs 
Flux density B = lo4 gauss. 
To reduce the force t o  75% of the latching force,  B i s  required to  be reduced 
4 - t o  10 x d.75. Therefore an unlatching B = 8600 gauss i s  required. 
The required H f o r  Alnico-5 i s  obtained from i t s  B-H curve yielding:  
H = 30 oersteds 
1000 amp turns 
= 30 x - = 2400 4  meter 
Magnetic path length - 2 " = 5 cm (max) 
2400 
= 120 amp turns t o  unlatch No of amp turns required = 
and therefore release the poppet. 
To remagnetize the magnet, approximately twice the value of magnetic f i e l d  
should be provided. 
Number of amp turns required = 120 x 2 
= 240 amp turns.  
A solenoid consisting of 1900 turns and carrying 200 m amp will generate 
1600 x 0.2 = 320 amp turns.  The safe ty  margin i s  80 amp turns.  Magnetization 
and demagnetization can be optimized by varying the forward and reverse solenoid 
current .  
Specificat ions of Solenoid 
No of turns = 1600 
DC resistance = 150 ohms 
Wire s i t e  = 40 gage 
Space fec to r  = 0.4 
Solenoid length = 0.55" 
Inside diameter = 0.34" 
Outside diameter = 0.50" 
In order to assess the latching forces available before the actuator has fu l ly  
raised the poppet calculat ions of magnetic latching force were made a t  various 
a i r  gaps. These a re  shown in the following table .  
FORCE COMPUTATIONS FOR VARIOUS AIR GAPS 
Magnet length - 0.96 inch 
Magnet area = gap area  = 0.07 in  2 
Bd Air gap Slope Flux Density Force 
L d B gausses Ibs Comment 
0.005 3 2 10,000 4 Latching f o r c e  a f t e r  appl ica t ion  
of magnetic f i e l d  
0.005 14 8,600 3 Af te r  app l i ca t ion  of demagnetiz- 
ing f i e l d  (-50 Oer) 
0.01 7 4,500 0 .8  Increased a i r  gap 1 ength - 
5,000 1 .O Appl i c a t i o n  of magnetizing 
f i e l d  (100 o e r )  
0.03 2.3 2,000 0.16 Increased a i r  gap length 
2,500 0.25 A p p l i c a t i o n o f m a g n e t i z i n g  
f i e l d  (1  00oer) 
0 .08 1 1,000 0.04 Increased a i r  gap length 
MAGNETIC LATCH DESIGN CALCULATIONS 
Test  Model Analysis 
Required magneto motive fo rce  (MMF) f o r  s a t u r a t i o n  condi t ion  i s  computed a s  
f o l  1 ows : 
For Alnico-5, requi red  H around s a t u r a t i o n  i s :  
H = 700 oe r t eds  (Br = 12,500 gauss) 
1000 Amp-turns 
= 700 x -4 w meter 
0.254 meters For 1, = -100 
4 5.6 x 10 x 0.254 MMF = 100 
S o f t  I ron C i r c u i t  
Assume y f o r  s o f t  i ron  = 800 
t 
Magnet a r ea  A = cons t an t  
S o f t  Iron MMF = R S I B A S I  
H i n  Oersteds 
Typical I n t e r i o r  Hysteresis  Loop 
Data Taken on Alnico-5 
where RSI = re luc tance  of t h e  s o f t  i ron  c i r c u i t  
B = s a t u r a t i o n  f l u x  dens i ty  
ASI  = Area of c ros s - sec t ion  of t he  s o f t  i ron  c i r c u i t  
Approximate s o f t  i ron  length  l S I  r, = 2.54/100 meter 
B = 12.5 k gauss = 1 .25  ~ e b e r / i n '  
r 
3.15 x 1 0 ' ~  x 1.25 x 10 7 Sof t  i r o n  MMF = 4 
= 32 amp tu rns  
Air-Gap MME 
Assume t o t a l  gap length  = 0.002" = 0.00508 cm 
l g  = 5.08 x lom5 meter 
4 = ( Y O i 4 2  = 1 
B1 = 
7 
Air gap MMF = - 5:08 x x 10 x 1.25 4 4 Pn" 
= 50 ampere t u r n s  
Total of NI required 
= 1 4 2 + 3 2 + 5 0  
= 225 
Parameters def ined f o r  the model: 
Number of t u r n s  of t he  solenoid = 1900 - + 50 
Minimum vol tage  across  the  c o i l  = 26 v o l t s  
Coil  r e s i s t a n c e  = 150 ohms 
"min - 26 - 0,174 Requirmed minimum c o i l  cu r r en t  Imin = - - -- - 
Rmax 150 
Minimum NI I Nmin min 
320 - 1.42 Safe ty  f a c t o r  under worst condi t ion  = --225 - 
Nominal V = 28 v o l t s  
I t  R = 150 ohms 
I 1  N = 1900 
11 2 8 NI = 1900 x TSii = 367 amp t u r n s  
367 = 1.64 Nominal Safe ty  Factor = 
Therefore,  a t  l e a s t  40%' of the  t o t a l  ampere tu rns  i s  supplied t o  account 
f o r  leakage. Usually the  leakage f a c t o r  f i s  small f o r  small a i r  gaps. 
Latching Mode Calcula t ion  (solenoid power removed) 
0.254 Magnet length = --- meter = Lm 100 
Magnet MMF = HdLm 
= BdASIRSI + BdAgRg 
where s u f f i x  SI i s  f o r  s o f t  i ron  
g i s  f o r  a i r  gap 
~ S I  - 3.15 10e5 lo7  
= - -  
4 V' = 25.5 atnp-turns A ~ ~ R ~ ~  &I  per u n i t  f l u x  dens i ty  
' gRg 
- 
- 3 = 40 amp tu rns  per u n i t  f l u x  dens i ty  
4 0  
HdLm = Bd[65.5] A 
Bd - 30.5 r a t i o  For i-lx  
Bd = 11.4 K gauss f o r  Alnico-5 
and Hd = 400 Qer teds  
I 0  Hd o r  Magnet MMF = 400 x $7 x 0,254 
= 81 amp tu rns  
That 81 amp turns generating Bd = 11 kilogauss i s  su f f i c ien t  t o  keep the magnet 
in latching position can be proved by computing holding force.  
The holding force  FH generated i s :  
where B i s  in kilograms and Am in square inches. 
2i$ lbs FH = 5 .77  x 1 4  x - 
= 1.75  I b s  
= 28.0 oz 
Demagnetizing MMF (NIdema s ) :  
Demagnetizing f i e l d  required f o r  Alnico-5 = 600 oerteds 
10 Demagnetizing MMF = 600 x x 0.254 
0.254 Where magnet length Lm = -- 100 
Demagnetizing MMF i s :  
N'deniag = 120 ampere turns 
= 0.065 amp 
Required vol tage V = 6.065 x 150 
= 9 . 8 v o l t s  
o r  approximately 140 % of t h e  magnetizing vol tage (26 v o l t s )  i s  required t o  
demagnetize the  magnet. In p r a c t i c e ,  50% o r  half  of t he  magnetizing vol tage  
i s  appl ied .  
Experimental Data 
Valve Model No. 002; Coil R = 155.b-,R s e r i e s  = 132 dL 
Scale Range: 0-5 1bs (1  oz increment) 
-- 
** 
Voltage ( v o l t s )  Force (oz)  
2  0  8  
2  2 14, 14, 12, 15 
26 21, 23, 22, 22.5 
3 0 27.5, 27, 27 
30* 27.5 
4  0  31, 31.5 
40* 31, 31 
50 31, 31.5, 31, 31 
*Reading i s  observed by demagnetizing f i r s t ,  then magnetizing. 
**Add spring fo rce  of a t  l e a s t  4 t o  8 oz. i n  a l l  measurements. 
Valve No. 004 
Scale: 0-2 Ibs  (with 0.5 oz increments) 
- 
Volts ** Force 
**Add spring force  of at l e a s t  4 to  8 oz. in a l l  measurements 

FINAL MAGNET LATCH DESIGN 
U t i l i z i n g  the model t es t s ,  the f i n a l  design i s  as fo l lows:  
Requirements 
Force: 4 I b s  
A i r  gap: 0-5 m i l s  
Solenoid and magnet s ize :  as small as poss ib le  
Magnet Area, Am 
La tch ing  f o r c e  requ i red  = 4 
Assume Bd = 11 K gauss 
Required magnet area Am i s  obtained from the f o l l o w i n g  equat ion 
Take sa fe ty  margin o f  25% 




7f 2 = - D  2 7.1 
T Do f -4 i 100 
Do = [Di2 + 9 / 1 0 0 ] ' / ~  
Magnet MMF = Hd l m  
where l m  = magnet length 
Hd = Field a t  which f lux density Bd i s  produced in the c i r c u i t  by the 
magnet. 
Hdl, = drop across a i r  gap + drop across the magnet c i r c u i t  
I 
Assume s o f t  iron f i r  = 1000 
Sof t  iron MMF = RBdASI;  R = reluctance 
Area ASI = Am 
lo7 = 
R ~ ~ A ~ ~  =(,$) =(% mete$ n o 0  x 471 
RASI = 30 mks un i t s  
Air gap 1g = 0.005" = 12.6 meter 
1 o5 
- 471 henri es/meter f i r = 4 0 e j 7 '  
1 1 o2 Air gap R A = 3 = 12.6 x - 
g g PIo 47 1 
. r 
Hdl, = Bd[130] = 130 x 1.1 = 143 amp-turns 
Since Bd = 1 1  k gauss 
= 1.1 weber/in 2 
For Bd = 11 K gauss 
Hd = 480 oerteds 
= 480 x looo amp turns/meter 
10% safe ty  margin gives 
l m = 0.155 t o  0.160 inch 
Solenoid Design 
For Alnico-5, required H around saturat ion i s :  
H s a t  = 700 oerteds 
4 
= 5.6 x 10 amp-turns/meter 
For 1, = 0.160" = 0.407 cm 
= 226 amp-turns 
Bsa t  = 13.0 K gauss 
= 1.3 weber/in 2 
N1soft iron = 30 x 1.3 = 39 amp turns 
N1air  gap = 100 x 1.3 = 130 amp turns 
-', Total NI required fo r  sa turat ion 
= 226 + 130 + 39 
= 395 amp turns 
S e l e c t  minimum s a f e t y  margin = 45% 
Required amp t u r n s  = 395 x 1 .45  
= 572 
Soleno id  ID = 0.385" 
So leno id  l e n g t h  = 0.55" 
Minimum power supp ly  v o l t a g e  = 26 v o l t s  
S e l e c t  No. 36 enamel w i r e .  
Max w i r e  d i a  = 0.0057 
550 No. o f  t u r n s l l a y e r  = = 96 
Length of 1 s t  l a y e r  = 96TDi 
= 96 ?x 0.392 
= 120 inches  
= 10 f e e t  
1 s t  l a y e r  R,  = 0.414 x 10 = 4.14 ohms 
2nd l a y e r  R 2  = 4.14 
3 rd  l a y e r  R3 = 4.20 
Rq = 4.26 
R 5  = 4.32 
R6 = 4.38 
R 7  ' 4.44 
Tota l  R = 29.88 ohms 
",in - 
R 26 = 0.865 Minimum I = - - 29.88 
No. turns  = 7 x 96 = 670 
No. NI = 670 x 0.865 = 580 
Solenoid OD = 0.385 + 7 x 0.0057 x 2 
= 0.385 + 0.08 
= 0.465 
Selected solenoid OD = 0.5" 
APPENDIX I 1  
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APPENDIX I11 
DETAIL  DRAWINGS, VACUUM VALVE 


. 0PERATIR)G TEMP. 250°C 
, WOG2hlr)G PRe55.. 3 0 ~ 5 3  M A X .  - IhJtERIJAL 
2. No~l rc lAL S ~ ~ Z O I C E  - ,080 C O m P R G  SSIUE 
1. IDENTIFICATION MARKING PER PR 12-1 
N P F C L A S S  
PART NUMBER 
I. IDENTlFlCaTlON MARKING PER PR U-1 
M P L C ! A S S  
PART NUMBER 
I 
1. IDEMIFICATION MARKING PER PR 12.1 
M P L C M S S  
1. IDENTIFICATION MARKING PER PR 12-1 
W P F C M S S  
-005 ~ 4 5 ~  TYP 4 PUS. 7- , 0 0 5  X45O T Y P ,  4 PUS. 
- I SPACER 
VACUUM - TgER 
- I POLE - LATCH 
I. IDEMlFlCATION MBTaKING PER PR 12-1 
N P F C I A S S  
PART NUMBER 
- 2 LOCKNUT - L A Z M  
L 
BEEN ATTAUIED TO THIS PRINT 

I I Anrro  kau aE @drnnwe I 
DUCRlWlDN MATERIM SPEC 
I- 
m m  

f -3 
.o%- DIA WRLt 
i - - - - -- --- p- 
.005*450 
3 PLC s 
1, 4- 4 , .  om* 18.1 

E A C H  RODl lh3  
E A C ~  SET DF 4 eoos, M ~ J S  
W l r n l r ?  .ooos. 
1. IDEKIIFICATION MARKING PER PR U-1 
N P F C U I S S  
PART NUMBER 
M REQD PER A S  
mpTCH Ir\)  LEUGM 
ALVC-VACUUM- ~ E I Z M A L L Y  ACTUATED 
L .oS2*-* 
- 3 RETAlhlER - SEAL 
- - 
- 2 M U T  
VALVE - THERMALLY ACTUATED 
I. IDEMlFlCATlON MARKING PER PR 12-2 
W P L C I - A S S  
PART NUMBER 
  EATER TO BE APPLIED IN 
THIS AQE P 
-- - 
1. IDEWIFICATLON MARKING PER PR 12-1 
W E _ _ _ _ C I A S S  
PAR1 NUMBER 
I 
+ 0060 3795-:&/0 
DIA- 
3. TOTAL A 5 5 ' ~  LEAICAGC w i r r i  15p~t0 -  ~ E L I U M  (~UEOUAL) 
m v ~ c u ~ ~  ~E~TEPUAL)  I X  10-q sccs MAX.  PCR &EUUR"I 
M A S S  SPECTROIZ\ETE 
1. EDEMTIFICPITLON UARNIHG PER PR 12-1 
PART NUMBER 
S Y S T E M S  5 2 ? A  R E V  9 6 P  



